The classic hydrosere model of bog succession, which is still often cited and taught by ecologists, proposes that infilling of a shallow lake or pond by organic sediments produces a sequence of vegetation communities beginning with a marsh community of aquatic plants such as sedges, followed by a bog community composed mainly of Sphagnum mosses and various ericaceous shrubs, and culminating in a mature upland or mesic "climax" forest. A careful examination of the supporting literature indicates, however, that this model is based almost solely on observations of spatial zonation of vegetation around infilling water bodies. No studies can be found which contain clear quantitative evidence of successional pathways progressing from bog to upland forest. Indeed, numerous studies conclude that patterns of hydrosere succession are not consistent with the classic hydrosere model. Forest age structure, peat stratigraphy, and radiocarbon data presented from two bogs in Schefferville, Quebec, suggest that many bogs in this region, and elsewhere as indicated in the literature, are climax communities formed via both infilling of a water body (terrestrialization) and expansion of bogs into upland forests (paludification). An alternative model of hydrosere succession based on the bog climax hypothesis is presented.
Introduction
Overviews of primary succession commonly include the example of classic hydrosere succession, whereby infilling of a shallow lake or pond by organic sediments produces a sequence of vegetation communities beginning with a marsh community of aquatic plants such as sedges, often followed by a fen or bog community composed mainly of Sphagnum mosses, sedges, and ericaceous shrubs, and culminating in a mature upland or mesic "climax" forest (e.g., Shimwell, 1971 Kangas (1990) concluded that "the classic model of hydrarch succession seems to explain many wetland systems." Kangas (1990) goes on to point out certain exceptions to the classic hydrosere model, referring mainly to the findings of Walker (1970) Moore, 1990; van Breemen, 1995) , but the issue of whether upland forests replace peatlands in the final stage of hydrosere succession has never been firmly addressed. In what is probably the most detailed modern treatment of hydrosere succession, Tallis (1983) reviews numerous studies describing a variety of successional pathways leading to peatland and/or forest communities. Tallis (1983) leaves the issue of upland forests replacing peatlands unresolved in concluding that mesophytic forest communities might become established on peat, but that the process is still uncertain due to scant evidence. Tallis (1983: 342 ) goes on to state that in certain topographic situations "it seems probable" that bogs can represent "true climatic climaxes" in hydroseral succession. Nonetheless, the classic hydrosere model is still widely cited and taught by ecologists.
The process of terrestrialization is not synonymous with the classic hydrosere succession model. Many authors refer to the process of terrestrialization (the infilling of a basin with organic sediment) as an important mechanism for peatland formation (e.g. Sj6rs, 1983; Tallis, 1983 ). This paper does not question the importance of terrestrialization processes in peatland formation, but it does call into question two aspects of the classic hydrosere model: (1) that bog formation associated with basin infilling is unidirectional via terrestrialization, and (2) that, in the absence of disturbance, bogs are ultimately replaced by mature upland or mesic "climax" forest. The basis for this questioning is that (1) there is abundant evidence that bogs associated with basin infilling have expanded into surrounding forests via paludification, (2) there are no known examples of mature upland or mesic forests having replaced bogs in the absence of disturbance, and (3) there are no studies which present unambiguous quantitative evidence supporting a mechanism by which mature forest replaces bog. I present an alternative "bog climax" model of succession which is based on the findings of this study in subarctic Canada and on numerous reports of bogs and fens forming via both terrestrialization and paludification (Heinselman, 1963 (Heinselman, , 1970 Nicholson and Vitt, 1990; Janssen, 1992) . This model proposes that bogs and fens at mid-and high latitudes are initiated by the outward expansion of peat-forming mosses from the shores of lakes or ponds (i.e., both terrestrialization and paludification), and reach climax at the ombrotrophic bog stage. summarized in Table 1 . Although most of these proposed pathways indicate that some type of forest culminates the succession, some do not (Cowles, 1901; Godwin, 1956) , and several others only tentatively suggest that forest culminates the succession (Cowles, 1901; Tansley, 1939; Conway, 1949) . All of these studies used spatial zonation of vegetation to infer the proposed successions, though Tansley (1939) and Godwin (1956 ) also used stratigraphic data in their interpretations. As will be discussed later, inferences based solely on spatial zonation of vegetation can be misleading.
Several of the studies listed in Table I Korhola, 1990; Moore, 1990; Tikkanen and Korhola, 1993) . Heinselman (1963 Heinselman ( , 1970 conducted detailed stratigraphic and topographic surveys of the Lake Agassiz peatlands in northern Minnesota. He found that few bogs in the region formed from basin infilling and that there was no evidence that upland forests would eventually invade these sites. Instead, Heinselman proposed that the bogs formed from basin infilling served as nuclei for the spread of bogs into the surrounding uplands via paludification.
Schwintzer and Williams (1974) presented observations of temporal changes in bog succession over a period of 63 yr from a kettle-hole bog in Michigan and found that the vegetation "has progressed in a successional series from the Chamaedaphne association to the high bog-shrub association to a well-established bog forest, and regressed again to the Chamaedaphne association" (pp. 456-457). Their interpretation of these results was that a "regression" had occurred in the hydrosere succession due to disturbance. This disturbance event was an elevated water table brought about by "natural weather cycles" which resulted in tree mortality. These results do not help to elucidate whether forest or bog communities are the eventual outcome of this hydrosere.
In That hydrosere succession must culminate in the climax forest of the region was simply a logical outcome of successional theory at that time. This idea was strongly reinforced by field observations in which the proposed temporal succession could be visualized in the vegetation zonation around ponds and bogs, always with upland "climax" forest occupying the perimeter. The notion that bogs may be climax was simply not considered because it was not expected, according to contemporary theory.
The mistakes of these early ecologists, as well as those ecologists who have since perpetuated the classic hydrosere model, center on three main issues: 1) inadequate descriptive field data, 2) lack of a detailed mechanism by which upland forests can replace bog vegetation, and 3) lack of careful hypothesis testing. Descriptions of spatial patterns of vegetation, which serve as the basis for most of the above studies, are lacking in quantitative data on vegetation abundance, forest size and age structure, and peat stratigraphy, with respect to successional stage. This information provides the backbone of most other successional studies and the absence of it in the hydrosere succession literature is cause for concern. Also, considering the long history of observations, it seems strange that contemporary ecologists have not investigated hydrosere succession using actual observations of change over time, with the notable exception of Schwintzer and Williams (1974) and Tallis (1983) . The mechanism by which upland forests might replace bog vegetation has been poorly defined. One process that has been proposed is that the upward growth of bogs due to peat accumulation results in the surface exceeding the height of the water table, causing drying of the surface, thus allowing upland forest trees to invade (Tansley, 1939; Gates, 1942) . Tallis (1983) hypothesizes that mature forest, once established, would cause surface peats to dry out as a result of interception of precipitation by the tree canopy and increased losses of water by evapotranspiration. For upland forests to replace bog vegetation, several limiting site factors must be overcome. First is the extremely low nutrient content of bog soils. Nitrogen levels in bog soils are notoriously low as are phosphorus and potassium levels (Gorham, 1957) . As mineral soils cannot serve as a source for these nutrients in bog soils, nutrient sources of considerable magnitude must be postulated in order to support the high productivity and biomass of upland forests. Plants with nitrogenfixing symbionts could provide for a source of nitrogen; however, their position within the hydrosere succession, with respect to upland forest establishment, has not been documented. The second limiting site factor is the high acidity of bog soils. Acidities of pH 4.0 and less are typical of bog soil water (Gorham, 1957) . How is this acidity lowered to allow establishment and growth of upland forest species? The third limiting factor is anoxia due to the compressibility and low permeability of the peats. As an upland forest develops, the weight of the biomass on bog soils would cause the peat to compress, thus decreasing permeability and enhancing anoxic conditions associated with perched water tables. Contrary to the hypothesis of Tallis (1983) described above, available data on evapotranspiration rates of forest compared to bog vegetation indicate that water losses from bogs due to evapotranspiration are significantly higher than from forests (Klinger, 1991) , suggesting that increased forest cover would not enhance peat degradation through drying of surface peats.
Despite the fact that the classic hydrosere model is readily testable, several important tests of the hypothesis have not been performed. The most obvious test is to take a core sample from the upland forests bordering bogs, which have presumably replaced the former bog vegetation, and analyze its stratigraphy. Upland forests should be found growing on histosols composed of forest litter near the top, bog peat near the center, and marsh peat and muck near the bottom. This histosol should overlie lake or pond sediments. My search of the literature indicates no such stratigraphy, or anything resembling this stratigraphy.
Another simple way to address this hypothesis is to examine the age structure of trees along the bog/forest transition. If upland forests are invading bogs, there should be a clear age gradient with the youngest trees occupying the bog sites nearest to the former pond or lake center and the oldest trees occupying the sites nearest the former pond or lake margin. Many of the proponents of the classic hydrosere model have observed that small trees (presumed to be young trees) are found growing in bogs bordering upland forests. These small trees include many of the same taxa found in the upland forest. The assumption that smaller trees, in terms of height and diameter, are younger than larger trees is a reasonable one in most, but not all, conditions. For instance, results of age and size structure analyses of trees in bogs of southeast Alaska indicate that diameter and age are not correlated and that small, stunted trees in bogs are, on average, significantly older than larger trees in the surrounding est the open water; coniferous trees (mostly black spruce), ericaceous shrubs, and lichens dominate the upland forest areas; and Sphagnum mosses are most abundant in the intervening areas. These results are fully consistent with the classic hydrosere model. However, examination of the substrate raises some important questions. The black spruce upland forests in the region are found only on podzolized mineral soils, yet if this community is the climax vegetation of hydrosere succession then it should also be found on peat soils. This indicates either that the succession has not reached the climax stage in 5000 yr, or that the black spruce upland forest is not the climax community in the regional hydrosere. Evidence of past fire in the upland black spruce forest areas, determined from the common occurrence of charcoal in the soil, suggests that bog invasion into the surrounding upland forest may be inhibited by occasional fires.
Stratigraphic data (Fig. 4) indicate that peats at the bog forest margins were derived from paludification. The upland black spruce forest supports a thick ground layer of Cladina lichens growing on mineral soil or on shallow peat. Along the bog forest margin this lichen mat is buried under Sphagnum peat. All sites along the bog forest margin where peat has accumulated contain buried wood just above the mineral substrate. If all these sites were formed as a result of hydrosere succession, then there should be little chance of finding wood in the basal peats since the initial peat deposited would be comprised of organic sediments, sedges, and mosses (cf. Kratz and DeWitt, 1986) . Also, the bog forest margins are underlain by mineral soil substrates which show no evidence of limnic deposits.
Radiocarbon ages of basal peats from Capricorn and NASA bogs are presented in Table 2 and in Figures 2 peat ages in the marginal bog forests decrease with distance from the bog center. These data are consistent with the stratigraphic data and indicate that paludification has been the dominant process at the bog forest margin. As noted in the previous section, a way to resolve the question of successional relationships is to examine forest age and size structure data. If the forests (i.e. black spruce and tamarack trees) are invading the bog, the youngest trees should be found nearest the bog and the oldest trees should be found farthest from the bog. However, the forest age and size structure data for black spruce and tamarack trees in Capricorn Bog and NASA Bog (Fig. 5) show no such pattern. Indeed, the smallest-diameter trees are found nearest the bog, which may account for the conclusion in previous studies that these represent young trees. However, comparing diameter at breast height (dbh) with age indicates that the size-age correlation is not valid here (Fig. 5) . Average ages of trees in three communities along each transect (upland forest, bog forest, and Sphagnum bog) reveal no obvious differences in age structure as would be expected if forests were invading these bogs. Indeed, in all cases the average age of the upland forests is less than the other communities, implying (although weakly) that if the communities are successionally related, then the later successional communities are those nearer the bog.
Had observations of vegetation zonation and abundance been the only information used to infer hydrosere succession in this region, then these sites would be consistent with the classic hydrosere model. However, peat stratigraphy, basal peat age, and forest age structure data from these sites are inconsistent with the classic hydrosere model, and point to the need for an alternative model of hydrosere succession.
The Bog Climax Model
This work puts succession in a theoretical context defined initially by Clements (1916) and later redefined by Margalef (1963) and Odum (1971) , although I differ somewhat on their proposed time frame of succession. This "organismic" view considers succession to be a community maturation process, which is mainly controlled and directed by emergent properties of the biota. This theory hypothesizes that succession culminates in the formation of structurally and compositionally stable, "climax," communities. This holistic theoretical viewpoint is challenged by many ecologists who view succession as a stochastically influenced process which is not inherently directional, and is controlled mainly by the individual (nonsynergistic) characteristics of the biota (sensu Gleason, 1926) . The rates and pathways of succession are then greatly determined by environmental forces (e.g., hydrology, climate, and disturbance) and by resource limitations (Drury and Nisbet, 1973; Tilman, 1982; van der Valk, 1982; Pickett and White, 1985) . This latter view, though perhaps useful in explaining short-term patterns of succession (i.e. <100 yr), is inadequate in explaining long-term successional pathways found in peatlands (Finegan, 1984; Klinger et al., 1990) . The notion of a climax vegetation community culminating succession has been disregarded by many ecologists discussing short-term successions. However, the idea that bogs may be climax ecosystems has never been thoroughly examined Klinger et al., 1994) . It is important, however, to note that some of these studies report climax bog formation not from a hydrosere, but from a xerosere or a mesosere succession. In most cases bogs were found to be preceded by upland forest communities in the succession. In other words, there is good evidence that climax bog communities can form as a result of successional convergence via terrestrialization and paludification.
In light of the findings from Schefferville reported above, an alternative model of hydrosere succession is proposed which recognizes successional convergence towards climax bog communities. This bog climax model of hydrosere succession (Fig.  6) hypothesizes that succession progresses in two directions from the margin of a lake or a pond, one direction inward toward the lake or pond center following the initial pathways of classic hydrosere succession (i.e. terrestrialization), and the other direction outward from the margin into the surrounding forests involving the successional conversion of upland forest to bog (i.e. paludification). Evidence of fire in the surrounding forest, but not in the bogs, suggests that the upland forest is being maintained by occasional fires which burn up to the edges of the bogs but rarely burn into the bogs. Water levels of the original water body increase in height due to the impeded drainage from peat accumulation (Heinselman, 1963) . The advanced stages of succession result in the formation of ombrotrophic bogs which develop perched water tables that are decoupled from the groundwater table. Topographical factors such as slope and aspect are proposed to affect the disturbance regime and the rate of succession (i.e. bog formation), but not the overall direction or endpoint of succession. This model is similar to the processes of peatland formation described by Heinselman (1963 Heinselman ( , 1970 This model is based on the bog climax hypothesis (Klinger, 1990 (Klinger, , 1991 Klinger et al., 1990 ) which postulates that, in the absence of large-scale disturbance, terrestrial successions at mid to high latitudes culminate in structurally and compositionally stable (i.e. climax) bog communities. This hypothesis assumes that early successional pathways are primarily under the control of allogenic factors and that, during succession, there is an increase in importance of autogenic factors, which dominate the later succession pathways. Such a shift from allogenic to autogenic factors controlling the course of succession has also been proposed by Odum (1992) , and is predicted by complex theory (Kauffman, 1995) . Godwin (1956) alluded to the bog climax model in his findings in the British Isles. In reference to the formation of "climax blanket bog" in wetter areas, he stated: "In many other instances again stratigraphy reveals that, although a raised bog may have originated above a lake, it has subsequently spread laterally over adjacent land, and then the stratigraphy shows the natural woodland on mineral soil replaced by the fen-woods of the encroaching lagg before the transition to the ombrogenous Sphagnumpeat formation" (p. 31). In essence, Godwin reported that bog formation has occurred at a particular site due to both terrestrialization of the lake and paludification of the adjacent forest. As noted previously, however, Godwin (1956) also proposed that climax mixed-oak woodland culminates hydroseres in other parts of Britain.
Conclusion
The classic hydrosere model, as it is commonly depicted in textbooks and other overviews of succession, is founded mainly on dated studies which fail to fully describe or test the model. Indeed, the few studies (including this one) which provide quantitative data on paleoecology, forest age and size structure, and observations of temporal changes with respect to hydrosere succession do not support the classic hydrosere model. An alternative model presented here, based on the bog climax hypothesis, attempts to account for the observation that bog formation associated with lakes and ponds occurs via both terrestrialization and paludification, and, once formed, bog communities tend to persist for thousands of years in the absence of large-scale disturbance. Whether the bog climax model is the best model available to explain the patterns associated with hydrosere succession is not yet clear; however, the classic hydrosere model is flawed and an alternative model is needed.
